Abstract. Long-term glucocorticoid therapy results in various side effects, including a high incidence of glucocorticoid-induced osteoporosis (GIOP), which is the most common form of secondary osteoporosis. Excess glucocorticoids reduce the viability of bone marrow-derived mesenchymal stem cells (BMSCs) and prolong osteoclast survival. These two types of cell are essential in the balance between bone formation and resorption. Tetramethylpyrazine (TMP), the pharmacologically active component extracted from Chuanxiong, has been reported to protect BMSCs from glucocorticoid-induced apoptosis. In the present study, the protective effects of TMP on BMSC differentiation and osteoclasts maturation in GIOP were investigated in vivo and in vitro. The immunostaining of osterix (OSX) and tartrate-resistant acid phosphatase (TRAP) staining indicated that TMP promoted osteogenesis and inhibited osteoclastogenesis in a rat model of GIOP. Treatment with 10 -6 M dexamethasone (Dex) significantly inhibited BMSC differentiation and increased TRAP-positive cells in vitro. However, different concentrations of TMP (50, 100 and 200 µM) ameliorated the negative effects of Dex by promoting the activity of alkaline phosphatase (ALP) and the calcium mineralization of BMSCs following osteogenic induction, which increased the expression levels of osteogenic genes, including ALP, collagen type I α1, osteocalcin and OSX, and decreased osteoclastogenesis-related genes, including TRAP, nuclear factor of T-cells cytoplasmic 1 and cathepsin K. In addition, it was found that the inhibition of receptor activator of nuclear factor-κB ligand and intereleukin-6 in BMSCs may be a possible mechanism for the protective effects of TMP against glucocorticoid-induced osteoclastogenesis. These results are the first, to the best of our knowledge, to demonstrate that TMP promotes BMSC differentiation and inhibits osteoclastogenesis to ameliorate bone mass change in GIOP.
Introduction
Glucocorticoid-induced osteoporosis (GIOP) is the most common form of secondary osteoporosis due to the wide use of glucocorticoid therapy in clinical practice (1, 2) . Long-time glucocorticoid treatment leads to early and rapid bone loss, and increased fracture risk. GIOP predominantly affects the skeletal regions containing abundant cancellous bone, including the lumbar spine and proximal femur (3) . The bone loss caused by glucocorticoids results from their direct effects on osteoblasts, osteoclasts and osteocytes. Previous studies have shown that excess glucocorticoids inhibit the proliferation and increase the apoptosis of osteoblasts and osteocytes (4) , and prolong osteoclast survival (5) .
It is well known that bone tissue in adult mammalian animals undergoes continuous remodeling through a strictly controlled balance between bone formation and resorption. This dynamic balance of physiological bone mass is maintained constantly by osteoblasts and osteoclasts. Osteoblasts, which differentiate from mesenchymal stem cells in the bone marrow and give rise to osteocytes, are responsible for bone formation (6, 7) . By contrast, osteoclasts are derived from mononucleated hematopoietic progenitor cells and are specialized bone resorptive cells (8) . Osteoblasts also secrete the receptor activator of nuclear factor-κB ligand (RANKL), which is essential for osteoclast differentiation and regulates bone resorption in this manner (9, 10) .
Bone marrow-derived mesenchymal stem cells (BMSCs) are important in maintaining the homeostasis of bone mass and are vital in the pathogenesis of osteoporosis (11, 12) . The defective proliferation and osteogenic differentiation ability of BMSCs reduce bone mass in the process of osteoporosis. Several studies have shown that the osteogenic differentiation of BMSCs may be suppressed under stressful conditions, and finally lead to osteoporosis (13, 14) . Osteoclast precursors differentiate into osteoclasts in the presence of monocyte colony stimulating factor and RANKL (15, 16) . The formation and activity of osteoclasts are increased in osteoporosis (17).
Shi et al reported that glucocorticoids exerted dose-dependent effects, which promote osteoclastogenesis in vivo and stimulate RANKL-induced osteoclast formation and function in vitro (18) .
Ligusticum wallichii Franchat, also known as Chuanxiong, is considered one of the most widely used traditional Chinese medicines. Tetramethylpyrazine (TMP), the pharmacologically active component extracted from Chuanxiong, has been found to have anti-inflammatory, anticancer, anti-oxidative and anti-apoptotic effects in several types of cell (19) (20) (21) . In our previous study, it was shown that TMP promoted the viability and inhibited the glucocorticoid-induced apoptosis of BMSCs (22) . However, whether TMP can ameliorate the defective osteogenic differentiation of BMSCs in GIOP, and how TMP affects the formation and function of osteoclasts in GIOP remain to be elucidated.
In the present study, the protective effects of TMP on BMSC differentiation and osteoclast formation in GIOP were investigated in vivo and in vitro. The resulting data demonstrated that TMP promoted osteogenesis and inhibited osteoclastogenesis in GIOP rats, and indicated the inhibition of RANKL and IL-6 in BMSCs as a possible mechanism for the protective effects of TMP against glucocorticoid-induced osteoclastogenesis.
Materials and methods

Animals.
A total of 20 4-month-old female Sprague-Dawley rats, weighing 217±15.5 g, were obtained from the Experimental Animal Center at The Fourth Military Medical University (Xi'an, China), and were housed under specific pathogen-free conditions (20˚C; 12-h light/dark cycles; 50-55% humidity) with free access to food and water. The rats were administered intraperitoneally with either distilled water as the control group (n=5) or 2.5 mg/kg prednisolone (Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) as the GIOP group (n=15) daily for 12 weeks. At 1 week following the first administration, the 15 rats in the GIOP group were randomly divided into three experimental groups, each containing five rats. The rats were injected intraperitoneally with either sesame oil (as a vehicle control), 5 mg/kg body weight of TMP or 20 mg/kg body weight of TMP (Sigma-Aldrich; Merck Millipore) daily for 12 weeks. The doses of TMP used were selected based on previous in vivo studies (19, 23) . Subsequently, BMSCs were isolated from the rats, and the fourth lumbar vertebrae, distal femurs and blood samples were collected from the rats in the control and GIOP groups. No significant differences in total body weights were found among the groups prior to the rats being sacrificed. All experimental procedures involving animals were approved by the Ethics in Animal Research Committee of The Fourth Military Medical University (permission no. 20110405-5).
Micro-computed tomography (CT) analysis. The fourth lumbar vertebrae were scanned using an Explore Locus SP Pre-Clinical Specimen micro-CT (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA) with 8 mm resolution, a 50 kV tube voltage and a 0.1 mA tube current. Reconstruction and 3D quantitative analyses were performed using GEHC MicroView software, version 2.1 (GE Healthcare Bio-Sciences). Similar settings for scans and analyses were used for all samples. The trabecular bone region from the vertebral body was outlined for each micro-CT slice, which excluded the cranial and caudal endplate regions. The following 3D indices in the defined region of interest were analyzed: Bone mineral density (BMD), relative bone volume/total volume (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th), structure model index (SMI) and trabecular separation (Tb.Sp). The operator performing the scan analyses was blinded to the treatment procedures involving the specimens.
Histochemistry and immunohistochemistry. Following fixation for 2 days using 4% paraformaldehyde, the left femurs were transferred to 80% formic acid for decalcification for 14 days, embedded in paraffin and then cut into horizontal sections of 5-µm thickness. For tartrate-resistant acid phosphatase (TRAP) staining, the sections were reactivated in 0.2 M Tris buffer and then stained using Acid Phosphatase Kit-387-A (Sigma-Aldrich; Merck Millipore) for 2 h at room temperature according to the manufacturer's protocol. For staining of osterix (OSX), the sections were incubated with anti-OSX primary antibody (ab22552, 1:100; Abcam, Cambridge, MA, USA) at 4˚C overnight. All sections were observed and images were captured using a florescence microscope (Olympus BX-60; Olympus Corporation, Tokyo, Japan). For each sample, values represent five-stained sections of equivalent depth.
ELISA. The levels of bone degradation markers, serum C-telopeptide of type I collagen (CTX-1) and TRAP were measured in the blood samples of the rats using ELISA assay kits (Immunodiagnostic Systems, Ltd., Tyne & Wear, UK) according to the manufacturer's protocol. BMSCs were seeded in 6-well plates at a density of 1x10 -6 cells/well. Following osteogenic induction with or without 10 -6 M dexamethasone (Dex; Sigma-Aldrich; Merck Millipore) at 37˚C for 14 days, the BMSCs were incubated in serum-free medium with or without TMP (50, 100 or 200 µM) at 37˚C for 48 h. The expression levels of RANKL and IL-6 in the culture medium were measured using ELISA assay kits (R&D Systems, Inc., Minneapolis, MN, USA) according to the manufacturer's protocol. Total protein concentrations were measured using a Bradford protein assay.
Osteogenic differentiation assay in BMSCs.
The isolation and primary culture of BMSCs were performed as previously described (24) , and the cells were characterized using MSC minimal criteria (25) . Following osteogenic induction with 10 -6 M Dex for 14 days, the BMSCs were incubated with serum-free medium with or without TMP (50, 100, or 200 µM) for 48 h. Then the cells were stained using a BCIP/NBT Alkaline Phosphatase Color Development kit (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The activity of alkaline phosphatase (ALP) was detected as previously described (26) and calculated using absorbance measurements at 405 nm. All sections were observed using an Olympus BX-60 microscope (Olympus Corporation). Following a 21-day period of osteogenic induction, Alizarin Red S staining was performed to detect calcium deposition, as previously described (27) . The absorbance of the released Alizarin Red S was measured using a Thermo Labsystems Multiscan MK-3 enzyme-linked microplate reader (Thermo Fisher Scientific, Inc.) at a wavelength of 562 nm.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. Total RNA was extracted from the cells using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). cDNA synthesis was performed using the Prime Script RT reagent kit (Takara Biotechnology Co., Ltd., Dalian, China). The RT-qPCR analysis was performed using a CFX96 (Bio-Rad Laboratories, Inc., Hercules, CA, USA) instrument. Individual reactions were conducted in 96-well optical reaction plates using SYBR Premix Ex Taq II (Tli RNaseH Plus) (Takara Biotechnology Co., Ltd.) as previously described (18) . Amplifications were performed as follows: Initial denaturation at 95˚C for 30 sec, followed by 40 cycles of denaturation at 95˚C for 5 sec and annealing at 58˚C for 15 sec. The expression levels of target genes were normalized to the reference gene GAPDH. The 2 −ΔΔCq method was applied to calculate the relative gene expression (28) . The 5'-3' sequences of the forward and reverse primers were as follows: ALP, forward 5'-GTC CCA CAA GAG CCC ACA AT-3' and reverse 5'-CAA CGG CAG AGC CAG GAA T-3'; collagen, type I, α1 (COL1A1), forward 5'-GAC ATG TTC AGC TTT GTG GAC CTC-3' and reverse 5'-AGG GAC CCT TAG GCC ATT GTG TA; osteocalcin (OCN), 5'-CAG TAA GGT GGT GAA TAG ACT CCG-3' and reverse 5'-GGT GCC ATA GAT GCG CTT G-3'; osterix (OSX), forward 5'-CAC CCA TTG CCA GTA ATC TTC GT-3' and reverse 5'-GGA CTG GAG CCA TAG TGA GCT TCT-3'; TRAP, forward 5'-GCC TCT TGC GTC CTC TAT GA-3' and reverse 5'-AGC ACC ATC CAC GTA TCCA-3'; nuclear factor of activated T-cells, cytoplasmic 1 (NFATC1), forward 5'-GCT CGC CTT TTC AAC TTT CT-3' and reverse 5'-GCCTGGGACACACCTTTCTA-3; cathepsin K (CTSK), forward 5'-CGACTATCGAAAGAAAGGCTATG-3' and reverse 5'-AAA GCC CAA CAG GAA CCA C-3'; GAP DH, forward 5'-CCT GCA CCA CCA ACT GCT TA-3' and reverse 5'-GGC CAT CCA CAG TCT TCT GAG-3'.
Detection of osteoclast formation in vitro.
The hematopoietic mononucleated precursors of osteoclasts were isolated from the bone marrow and seeded in 6-well plates at a density of 1x10 -6 cells/well. Cells were cultured in the presence of 100 ng/ml RANKL and 10 -6 M Dex at 37˚C for 7 days. Osteoclast formation was measured by quantifying the TRAP-positive stained cells. Briefly, the cells were fixed with 10% formalin for 10 min and ethanol/acetone (1:1) for 1 min, and then stained using the Acid Phosphatase Kit-387-A (Sigma-Aldrich; Merck Millipore). The osteoclasts in each well were counted using a light microscope (Leica Microsystems GmbH, Wetzlar, Germany).
Statistical analysis. Statistical analyses were performed using SPSS software, version 15.0 (SPSS, Inc., Chicago, IL, USA). Quantitative data are presented as the mean ± standard deviation and were compared using a one-way analysis of variance followed by a Bonferroni post-hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results
TMP improves osteoblast differentiation and osteoclast maturation in GIOP rats.
To confirm the effects of TMP on bone mass and micro-architecture, a GIOP rat model was established. The fourth lumbar vertebrae were collected and scanned via micro-CT assessment. The analyses of the trabecular bone of the lumbar vertebrae indicated that excess glucocorticoids significantly reduced bone mass and deteriorated bone micro-architecture, as indicated by decreases in the BMD, BV/TV, Tb.N and Tb.Th, and increases in the SMI and Tb.Sp of the GIOP rats (Fig. 1A and B) . Treatment of the GIOP rats with TMP partially ameliorated these bone parameters and improved the micro-architecture of the trabecular bone in the lumbar vertebrae. These results demonstrated that TMP protected the trabecular bone mass from excess exposure to glucocorticoids.
TMP promotes osteogenesis and inhibits osteoclastogenesis in GIOP rats in vivo.
To investigate whether TMP affects osteogenesis and osteoclastogenesis in vivo, immunostaining and TRAP staining of distal femurs were performed. As shown in Fig. 2 , glucocorticoids significantly reduced osteogenesis and enhanced osteoclastogenesis, compared with the control group. However, TMP treatment significantly increased the number of OSX-positive cells and decreased the number and spread of TRAP-positive cells ( Fig. 2A-D) . In addition, the activities of CTX-1 and TRAP were detected to measure the serum levels of osteoclastic markers. Compared with the control group, the activities of CTX-1 and TRAP were markedly elevated in the GIOP group. However, treatment with TMP significantly decreased the serum activities of CTX-1 and TRAP (Fig. 2E) . These data suggested that treatment with TMP partially promoted osteogenesis and inhibited osteoclastogenesis in the GIOP rats.
Protection by TMP on osteogenic differentiation of BMSCs.
To examine whether TMP promoted the osteogenic differentiation of BMSCs against excess glucocorticoids in vitro, the activity of ALP and calcium mineralization were examined, in addition to the mRNA expression levels of osteogenic genes, including ALP, COL1A1, OCN and OSX. A 10 -6 MA concentration of Dex was used a high dose of glucocorticoids. As shown in Fig. 3A and B, 10 -6 M Dex significantly decreased the expression of ALP and the level of calcium mineralization, compared with the control group. However, the groups treated with TMP treatment exhibited significant increases in the activity of ALP and mineralization. In addition, TMP significantly elevated the expression levels of the osteogenic genes, compared with those in the Dex-only treated group (Fig. 4) . Taken together, these data revealed that TMP improved the osteogenic differentiation of the BMSCs against excess glucocorticoids.
TMP inhibits osteoclastic differentiation in vitro.
To examine whether TMP can protect osteoclast precursors against glucocorticoids in vitro, the present study examined osteoclast differentiation in the presence of excess glucocorticoids using TRAP staining. A previous study showed that high doses of Dex stimulated osteoclast formation in vitro (18) , therefore, the osteoclasts in the present study were also exposed to 10 -6 M Dex. It was found that exposure to 10 -6 M Dex alone significantly increased the number of TRAP-positive cells (Fig. 5A and B) . Treatment with different concentrations of TMP (50, 100 or 200 µM) significantly reduced the numbers of TRAP-positive cells, compared with those in the group treated with Dex alone. The expression levels of several osteoclastogenesis-related genes were also investigated, including TRAP, NFATC1 and CTSK, using RT-qPCR analysis on day 3. Compared with the control group, all of the above genes were significantly upregulated in the group treated with Dex alone. However, treatment with all concentrations of TMP downregulated the expression of these genes, compared with those in the Dex-only treatment group (Fig. 5C ). These data indicated that TMP acts as a potent inhibitor of osteoclastic differentiation under glucocorticoid exposure in vitro.
TMP inhibits the expression of RANKL and IL-6 in BMSCs.
To investigate the possible reasons for the protective effects of TMP under Dex exposure, the present study measured the expression levels of RANKL and IL-6 in BMSCs using ELISA analysis. RANKL, which is originally formed by osteoblasts, binds to RANK on osteoclasts and results in osteoclast activation. IL-6 also acts as an activator of osteoclast formation. The expression levels of these two cytokines were significantly elevated by Dex treatment. However, when different concentrations of TMP were administered to the BMSCs, the levels of RANKL and IL-6 were significantly downregulated (Fig. 6) . These results suggested that the inhibition of RANKL and IL-6 in BMSCs is a possible mechanism for the protective effects of TMP against Dex-induced osteoclastogenesis.
Discussion
The survival and function of BMSCs are essential for the maintenance of bone tissue homeostasis, as are osteoclasts. In our previous study, it was found that the viability of BMSCs derived from GIOP rats was decreased, and that TMP protected the BMSCs by inhibiting apoptosis in the GIOP state (22, 29) . The present study further investigated the effects of TMP on the osteogenic function of BMSCs and osteoclast formation to provide evidence supporting the potential application of TMP in the prevention and treatment of GIOP.
Long-term glucocorticoid therapy results primarily in trabecular bone loss in patients with GIOP. As GIOP rats share similar features with patients with GIOP, the micro-architecture of the fourth lumbar vertebrae in GIOP rats adequately reflects the change of bone mass in GIOP. Previous static bone histomorphometric analysis has shown that trabecular bone mass is markedly decreased in GIOP rats (30), which is consistent with the data obtained in the present study. It has also been reported that TMP therapy exerts positive effects in a rat model of Parkinson's disease and spinal cord injury (23, 31) . In the present study, it was confirmed that TMP treatment ameliorated the decreased trabecular bone mass of the lumbar vertebrae in the GIOP rats, and it may be a suitable candidate for the prevention and treatment of GIOP. Of note, it was found that treatment with TMP significantly increased the number of OSX-positive cells and decreased the number of TRAP-positive cells in vivo, which suggested that TMP affected osteogenesis and osteoclastogenesis in the GIOP rats.
Although Dex is commonly used in the cell culture medium to differentiate BMSCs into different types of mature cells, the effects of different concentrations of Dex on BMSCs have been reported to vary. Gao et al and others reported that 10 -6 M Dex had negative effects on BMSCs obtained from mice or rats (29, 32) . In the present study, 10 -6 M Dex was also used to generate an in vitro model of excess glucocorticoid exposure stress. The resulting data demonstrated that 10 -6 M Dex caused a decline in cellular ALP activity, calcium mineralization and the expression of osteogenic genes, which was consistent with the in vivo results showing decreased osteogenesis in the GIOP rats. However, TMP partially reversed the inhibitory effect of Dex on BMSC osteogenic differentiation. These results suggested that TMP not only improved the viability of BMSCs, but also ameliorated the defective osteogenic differentiation of BMSCs, contributing to the promotion of osteogenesis in GIOP.
The effects of osteoclasts in GIOP, and the effects of glucocorticoids on osteoclast formation and function remain effects (18) . The data obtained in the present study showed that 10 -6 M Dex markedly promoted osteoclast formation in vitro, and TMP decreased osteoclast numbers and the expression of osteoclast-specific genes under Dex exposure. The inhibition of osteoclastogenesis in the presence of glucocorticoids may account for the anti-osteoporotic effects of TMP.
The RANKL secreted by osteoblasts, which belongs to the tumor necrosis factor superfamily, regulates osteoclast differentiation and leads to bone resorptive activities. Osteoblasts also secrete IL-6, which affects the expression of RANKL, enhances osteoclastogenesis and is implicated in the pathogenesis of osteoporosis (34) . It has been reported that the enhancement of osteoclastogenesis in GIOP may be attributed to the upregulated expression of RANKL caused by glucocorticoids (35) . The findings of the present study are consistent with this, which showed that TMP inhibited the generation of RANKL and IL-6 in BMSCs exposed to glucocorticoids following osteogenic induction. This data suggested that TMP may indirectly affect osteoclasts by decreasing the expression of RANKL and IL-6 in BMSCs, and partly explains why TMP reduces osteoclastogenesis in GIOP. There are additional mechanisms accounting for the effects of TMP on BMSCs and osteoclasts. Several studies have reported that TMP decreases the production of reactive oxygen species, and protects cells against toxicity and oxidative stress (20, 23) . In addition to regulating RANKL and IL-6, the anti-oxidative property of TMP may be involved in its anti-GIOP effects, of which further investigation is required. In conclusion, the present study investigated whether TMP had an effect on the osteogenic differentiation of BMSCs and formation of osteoclasts following exposure to excess glucocorticoids in vivo and in vitro. The results showed that TMP downregulated RANKL and IL-6, promoted osteogenesis and inhibited osteoclastogenesis to ameliorate the change in bone mass in the GIOP state. These results suggested that TMP may be a promising drug for the prevention and treatment of GIOP.
